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Mixed phase clouds (MPCs) represent a great source of uncertainty for both climate
predictions and weather forecasts. In particular, there is still a lack of understanding on
how ice forms in these clouds. In this work we present a technique to analyze in situ
measurements of MPCs performed with the latest instruments from the Small Ice De-5
tector family. These instruments record high resolution scattering patterns of individual
small cloud particles. For the analysis of the scattering patterns we developed an al-
gorithm that can discriminate the phase of the cloud particles. In the case of a droplet,
a Mie solution is fitted to the recorded pattern and the size of the corresponding particle
is obtained, which allows for a size calibration of the instrument. In the case of an ice10
particle, its shape and roughness are deduced from the scattering pattern.
We apply our data analysis method to measurements from three distinct MPC types.
The results from laboratory measurements demonstrate that our technique can dis-
criminate between droplets and ice particles in the same optical size range. This ability
was verified by measurements at a mountain top station where we found an alternation15
of liquid and ice dominated cloud regions. The analysis of results from aircraft based
measurements illustrates the ice detection threshold of the technique.
1 Introduction
MPCs consist of both liquid water droplets and ice particles. Ice formation in MPCs is
of great importance as it affects the cloud radiative properties and the clouds’ develop-20
ment (e.g. Sun and Shine, 1994; Morrison et al., 2012). However, the processes which
lead to ice in MPCs are still not well understood. In the mid latitudes, ice in MPCs
is expected to form via heterogeneous nucleation and secondary processes like the
Hallett-Mossop process (Cantrell and Heymsfield, 2005). In the presence of liquid wa-
ter droplets, ice particles are expected to grow rapidly due to the Wegener–Bergeron–25
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observation of small ice particles indicates recent ice formation either by droplet freez-
ing or ice multiplication processes. In order to gain new insights into the ice formation
processes in MPCs it is crucial to probe the smallest ice crystals with particle sizes
below 50 µm. However, this is a challenging task as liquid droplets, in general, outnum-
ber ice particles for particle sizes below 50 µm. An overview on different instruments5
for the in situ measurement of cloud particles is e.g. given by Wendisch and Brenguier
(2013) chapter 5. To determine the phase of cloud particles well below 50 µm conven-
tional imaging techniques (Abdelmonem et al., 2011; McFarquhar et al., 2013) as well
as holography (Fugal and Shaw, 2009; Henneberger et al., 2013) are currently hardly
applicable due to optical resolution limitations. Instruments that record solely the sin-10
gle particle light scattering intensity, like the cloud droplet probe are well established
for counting and sizing of cloud particles but they do not allow for a phase discrimi-
nation (Baumgardner et al., 2011). A promising approach is to use polarized light to
discriminate the phase of small cloud particles, as realized e.g. in the Cloud Particle
Spectrometer with Polarization Detection (CPSPD) (Baumgardner et al., 2014). How-15
ever, the polarization ratio measured by the CPSPD depends on the particle orientation
and particle size. Furthermore droplets have a non-negligible polarization ratio.
In this work the detection and detailed analysis of small cloud particles is carried out
by instruments developed by the University of Hertfordshire, UK, that record near for-
ward scattering patterns of individual particles. The patterns depend on the size, shape,20
orientation, surface roughness, and internal structure of the cloud particles and provide
detailed microphysical information even for sizes down to a few micrometers. The first
version of the Small Ice Detector (SID-1) has six discrete photomulipliers (Hirst et al.,
2001). The upgraded second version of SID-2 has 28 azimuthally oriented detectors
to measure a rough spatial light scattering pattern (Cotton et al., 2010, 2013; Johnson25
et al., 2014). This work was conducted with the latest version, the SID-3 (identical to
the instrument used by Ulanowski et al., 2012, 2014) as well as the lab version of this
instrument called the Particle Phase Discriminator mark 2, Karlsruhe edition (PPD-2K)
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Both the SID-3 and the PPD-2K record high resolution scattering patterns and thus
allow for an in depth analysis of the phase and morphology of the scattering particle.
Based on such patterns Ulanowski et al. (2012) presented a method to retrieve the size
of complex particles. More recently, Ulanowski et al. (2014) presented a method to es-
timate the degree of particle roughness from the analysis of the particle’s scattering5
pattern.
In this article we first describe the setup of the SID-3 and the PPD-2K. Subsequently,
we present our technique to analyze the high resolution scattering patterns and to de-
duce specific particle number concentrations from these measurements. Our method is
a combination of existing approaches adapted for the SID-3/PPD-2K and novel exten-10
sions to analyze data obtained from MPCs. Within this work we analyze measurements
taken at the AIDA cloud chamber, at the mountain top station Jungfraujoch and from
on board an aircraft over the Canadian Arctic.
The instrument and methods described in this paper were already used for a con-
tribution to the study by Baumgardner et al. (2014), in which a quantitatively good15
agreement between the results of the PPD-2K and the CPSPD was obtained.
2 Methods
2.1 SID-3 and PPD-2K design and operation
The light source in both the SID-3 and the PPD-2K instrument, is a frequency doubled
Nd : YAG laser which emits 100 mW at a wavelength of 532nm with linear polarization.20
The polarization of the beam is transformed to circular polarization by a quarter-wave
plate and the maximum of the Gaussian beam is extracted by a set of apertures. The
processed laser beam is similar to a step function with a rectangular cross section of
1500µm×160µm for the SID-3 before it hits the particles in the sensitive volume. Within
the PPD-2K, the sample flow is focused on the larger laser beam. Behind the sensitive25
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scattered in the near forward direction. Light scattered by the particle in a range of
approx. 5 to 26◦ relative to the forward direction runs through an optical assembly and
impinges on an intensified camera which generates high resolution scattering patterns
at a resolution of 780×582 pixels and 582×592 pixels for the SID-3 and the PPD-2K,
respectively. The camera exposure is triggered by the signal of a photomultiplier tube,5
henceforth denoted as trigger detector.
The practical implementation of this setup is different in both instruments. The SID-3
has an open path geometry and the sensitive area on the laser beam is defined by
two trigger detectors. A schematic of this setup can be found in Johnson et al. (2014).
The trigger detectors are aligned symmetrically along the laser beam axis and have10
a circular aperture with a half angle of 9.25 at 50◦ relative to the forward direction. The
two trigger detectors have a different field of view (FOV) on the plane of the laser beam.
The FOV of trigger detector one lies within the FOV of trigger detector two. In order to
determine the sensitive area of the SID-3 we mounted a piezo electric droplet generator
(GESIM GmbH, Grosserkmannsdorf, Germany), producing 60 to 90 µm droplets on15
a x-y-z stage. From these measurements we obtained the sensitive area of the SID-3
as: ASID-3 = 0.47mm
2.
In the PPD-2K the trigger detector records part of the forward scattered light which is
diverted by a beam splitter. Further details on the optical setup of the PPD-2K are given
in Kaye et al. (2008). The sensitive area of the PPD-2K is APPD-2K = 2.5mm
2 (E. Hirst,20
Uni. Hertfordshire, personal communication, 2014).
For both instruments the maximum acquisition rate of the trigger detector is fmaxt =
11kHz and the corresponding value of the camera is fmaxc = 30Hz. Whilst sampling
MPCs we typically observe fmaxc < fs < f
max
t where fs is the rate of sampled particles.
Thus the imaged particles are only a sub sample of all particles that passed the instru-25
ments and we use the trigger count rate and pulse intensities to derive particle number






MPCs using the SID-3
and the PPD-2K































2.2 Analysis of particle number concentrations
2.2.1 Coincident particle sampling
If two particles are in the sensitive volume at the same time they will generate an
erroneous signal. For the following investigation on the probability of such a coinci-
dent sampling event, we assume that the hydrometeor sampling can be described by5
Poisson statistics. Following Johnson et al. (2014) we calculate the mean number of
particles passing the sensitive volume of the instrument, λ, and the probability of more
than one particle being present in this volume at the same time, P (x > 1,λ), as:





P (x > 1,λ) = 1− (1+ λ)exp(−λ) (1c)
n is the total number concentration of cloud particles, A is the sensitive area of the
instrument, and d is the depth of the laser beams which is 160 and 120 µm for the
SID-3 and the PPD-2K, respectively. The size of a particle sampled by the SID-3 is
deduced from the signal of trigger two which has a FOV of 1.35 mm2. In order to get15
a conservative estimate for coincident particle sampling in the SID-3, we use, in ac-
cordance to Johnson et al. (2014), the FOV of trigger two as the sensitive area of the
instrument. In case of the PPD-2K we use A = APPD-2K. For number concentrations of
20 to 300 cm−3, P (x > 1,λ) given by Eq. (1c) is 9.4×10−4 to 0.20 % for the SID-3 and
1.8×10−3 to 0.38 % for the PPD-2K. A coincident sampling probability of 1 % is reached20
at particle number concentrations of 688 and 495 cm−3 for the SID-3 and the PPD-2K,
respectively. Significant coincident sampling of particles therefore only occurs for very
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2.2.2 Electronic dead time
After a particle detection, the trigger electronics have a dead time of 8.00 µs (SID-3) and
8.25 µs (PPD-2K). Particles passing the instrument during this dead time period are not
detected and according to Johnson et al. (2014) the volume actively sampled by the
instrument is reduced. Meaning that we use a smaller volume in the calculation of the5
number concentration deduced from the instruments. Assuming cloud particle number
concentrations of 20 to 300 cm−3 and a typical flow speed for the SID-3 of 100 ms−1
and a PPD-2K sampling flow of 5 Lmin−1, one gets a reduction in sample volume of:
0.8 to 11.3 % (for the SID-3) and 1.4 to 20.6 % (for the PPD-2K). The presented data is
corrected for the reduced sampling volume.10
2.3 Analysis of scattering patterns
Figure 1 displays four selected high resolution scattering patterns recorded with the
PPD-2K. The area between the inner green circle (at 7.4◦ relative to the forward scat-
tering direction) and the outer green circle (at 25.6◦ relative to the forward scattering di-
rection) is our region of interest (ROI). Using the LabVIEW (National Instruments, Inc.,15
USA) software package we have developed an analysis routine for the SID-3 and PPD-
2K forward scattering patterns. The idea for the analysis is to discriminate droplets and
ice particles based on the azimuthal symmetry of their scattering patterns. The scatter-
ing pattern of a droplet is an Airy pattern with a perfect azimuthal symmetry. Scattering
patterns of ice crystals have lower azimuthal symmetry. The final results of the analysis20
are: for droplets the particles’ size based on Mie theory and for ice particles the shape
and roughness. In detail the algorithm performs the following steps.
Initially a saturation ratio q = Ns/Na and a mean intensity Ī = (
∑N,M
i ,j I(i , j ))/Na for
the ROI are calculated. Here Ns is the number of saturated pixels, Na is the number of
all pixels and I(i , j ) is the gray level intensity of pixel i , j in the ROI.25
It is hard to give general threshold values for q and Ī as the scattered intensity is
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is typically analyzed further if q < 0.2 and Ī > 3 are fulfilled. These values are chosen
in order to avoid the roughness analysis of patterns with too many saturated pixels as
well as to avoid a significant contribution of background noise to the image in case of
very low mean intensities.
In the next step, an unwrapped version of the ROI is generated which is equivalent5
to a change from Cartesian to polar coordinates and carried out by a bi-linear inter-
polation. From the ROI in polar coordinates we compute a polar integrated azimuthal
profile displayed in Fig. 2. A measure for the variation of these profiles is the variance







with N the number of discrete angles of the azimuthal profile, xi the value of a certain
element, and µ the mean value. Earlier instruments of the SID family do not record
scattering patterns with a camera but have segmented trigger detectors instead. For
the analysis of segmented trigger detector data, Hirst et al. (2001) introduced an asym-
metry factor which is similar to vaz given in Eq. (2). Cotton et al. (2013) tested and used15
the asymmetry factor to distinguish between liquid droplets and ice particles in MPCs.
In the present work, we use the vaz values of the scattering patterns to discriminate
between droplets and ice particles. For each experiment a specific variance threshold
value, v thraz , is defined which is in the range of 6×10
−6 to 1×10−5. Scattering patterns
with vaz values in the vicinity of the threshold are manually crosschecked.20
2.3.1 Droplet analysis
For vaz < v
thr
az , the algorithm assigns a scattering pattern to correspond to a cloud
droplet. From the scattering pattern an azimuthal integrated polar profile is deduced.
Subsequently, to the deduced profile an intensity profile of a spherical particle com-
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cooled liquid water is fitted as displayed in Fig. 3. In order to obtain the complex refrac-
tive index of water at a wavelength of 532 nm, an interpolation between the values given
by Segelstein (1981) was used. The temperature dependence of the refractive index
is calculated by applying the Lorentz–Lorenz relation together with the parametriza-
tion of the water density as a function of temperature given by Hare and Sorensen5
(1987). Based on these calculations we determined a mean complex refractive index
of m = 1.337+ i5×10−9 for T ∈ [−30 ◦C, +10 ◦C].
The fit procedure involves the following two steps. We obtain a first diameter of the
droplet by determining the number and the positions of the maxima in the angular pro-
file. These values are compared to values calculated in advance and stored in a look up10
table. The look up table is calculated for Dp ∈ [2.5µm, 60µm] at a resolution of 0.01µm.
For a given measured angular profile we determine the calculated profile for which the
number of maxima agree and the deviation in the maxima positions is minimal. The di-
ameter of this calculated profile is our first diameter for the droplet under investigation.
The diameter from the first step is the starting point for the second fit, which is a least15
mean square fit of a complete Mie calculation to the measured profile. The second fit
yields a refined result for the droplet diameter.
2.3.2 Size calibration
It was mentioned in Sect. 2.1 that the instruments typically record a trigger signal for
every sampled cloud particle. However, scattering patterns are only obtained for a sub-20
set of these particles. In order to generate number size distributions from the trigger
count rate and pulse intensities we conduct a size calibration. For this purpose, we
use an ensemble of successfully fitted droplet patterns. The calibration function linking
the fitted exact analytic size of the individual droplets with the corresponding intensity
recorded by the trigger detector is given by Cotton et al. (2010) as:25
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where Dp is the particle diameter and I is the intensity recorded by the trigger detector.
The prefactor a is a function of the laser power and of the gain applied to the trigger de-
tector which can be adjusted. The exponent b is obtained as follows. For the left panels
of Figs. 4 and 5, we applied Lorenz Mie theory to calculate the irradiances of a cer-
tain droplet size. Therefore the angular dependent Mie function for a certain droplet5
size was integrated over the solid angles of the detectors. For the SID-3, the trigger
detector has a circular aperture with a half angle of 9.25 at 50◦ relative to the forward
direction. In the case of the PPD-2K the trigger detector covers 7.4 to 25.6◦ relative to
the forward direction. We fitted the calibration function Eq. (3) to these computed data
sets. This fit yields a value for b which is fixed for the calibration fits to measured data10
sets displayed in the right panels of Figs. 4 and 5. An additional variable c in the SID-3
calibration function, Dp = a ·(I−c)
b, is added to account for the fact that the value given
by the SID-3 trigger detector is a measure of the area under the intensity peak rather
than a measure of the absolute peak height. For the PPD-2K, however, the intensity
recorded by the trigger detector is deduced from the peak height and Eq. (3) is applied.15
An alternative measure for the size of the imaged particles is the mean intensity of the
scattering pattern recorded by the camera. Figure 6 shows such a size calibration. For
small droplet sizes the oscillating pattern predicted by Lorenz Mie theory is reproduced
by the measurements. Whereas for larger droplets there is a discrepancy in the mean
image intensity between measurement and fit function which most likely originates from20
a non linear behavior of the intensifier-camera unit.
The above mentioned procedure allows for a calibration of the intensity recorded by
the trigger detector against the exact size given by a fit of a Mie solution for every data
set with a sufficient number of liquid droplets. The diameter of a particle, Dp, is in the
following the scattering equivalent diameter of a water droplet.25
2.3.3 Ice particle shape classification
Scattering patterns with vaz > v
thr
az are assigned to correspond to ice particles and the
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adopted from Ulanowski et al. (2007) and Stopford et al. (2008) and is based on a dis-
crete fast Fourier transform (DFT) of the polar integrated azimuthal intensity profile






yk are called Fourier coefficients and constitute the transform output Y . For the classi-5
fication we search for the maximum of Y excluding y0. When finding a maximum of Y
above a threshold of 0.005 we distinguish between three classes of particles. A pattern
corresponding to a columnar particle has maxima for y2 or y4. In case we find a max-
imum for y3, y6 or y9 the particle is classified as a plate. In all other cases, including if
no maximum was found, we assign the pattern to the irregular shape class. Represen-10
tatives for the irregular (labeled with b), the column (labeled with c) and plate (labeled
with d) classes as well as the corresponding intensity profiles are shown in Figs. 1 and
2. In order to link the observed scattering patterns to real shapes, a first comparison
of SID-3 data and T Matrix calculations was published in Tricoli et al. (2015) and an
extension to larger sizes is ongoing.15
2.3.4 Roughness analysis of ice particles
Particle roughness is a critical parameter which has a significant influence on the an-
gular scattering properties of ice crystals (Ulanowski et al., 2006; Yang et al., 2008).
In order to retrieve the roughness of ice crystals from their SID-3 scattering pattern
we apply a grey-level co-occurrence matrix (GLCM) method (Haralick et al., 1973).20
This method was used in Lu et al. (2006) to retrieve the surface roughness from laser
speckle images. Subsequently, the method was used by Ulanowski et al. (2014) to de-
duce qualitative ice particle surface roughness information from the SID-3 scattering
patterns. Our LabVIEW program performs a GLCM analysis of the ROI of the scattering
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homogeneity, for nearest neighbor pixels (Haralick et al., 1973). Subsequently a com-
bined roughness value according to Ulanowski et al. (2014) is calculated. An in depth
study of the origin of ice particle surface roughness which is based on experiments
at the AIDA cloud chamber will be given in an upcoming publication (Schnaiter et al.,
2015).5
2.4 Quantification of specific particle types
During cloud sampling typically fmaxc < fs < f
max
t holds (Sect. 2.1). Thus the group of
imaged particles represents a subset of all cloud particles which passed through the
instruments and were detected by the trigger detectors. From the numbers of observed
certain scattering patterns we derive fractions of specific particle classes and sub-10
classes (e.g. ice particles, columnar ice particles, rough ice particles, etc.). Multiplica-
tion of those number based fractions with the total number concentration yields specific
particle number concentrations. In this work we focus on ice particles as a specific par-
ticle type, so that we can derive the ice particle fraction and droplet fraction in mixed-
phase cloud situations. However, this method can be applied to any particle type that15
can be distinguished by analysis of the scattering patterns. In the following we con-
sider the error due to the fact that the imaged particles are a subset of all sampled
particles. The upper and lower errors, p+ and p−, of a specific particle type fraction,














where B(r ,p,N) is the binomial probability distribution, x is the number of successes
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images under consideration. Equation (5a) defines p+ such that the probability to ob-
tain more than x successes out of N trials is (1+C)/2. Respectively p− is defined such
that the probability to obtain less than x successes out of N trials is (1+C)/2, where C
is the confidence level. C is typically set to 68.27 % meaning that [p−, p+] represents
the one σ interval. p+ and p− are computed numerically and are e.g. the boundaries for5
the derived ice fraction. As mentioned above, number concentrations of specific parti-
cles types are obtained by multiplication of the total particle number concentration with
the specific particle fraction. The uncertainty of a calculated specific particle number
concentration is obtained by Gaussian error propagation of both factors. The errors of
a specific particle fraction are p−p− and p+p+. The uncertainty in the total number10
concentration is due to uncertainties with regards to the sampled volume.
In the last part of this section the detection limit of the instruments with regards to
a specific particle type is elaborated. If p (e.g. the ice fraction) in the sampled cloud
parcel is zero the probability to detect a specific (e.g. ice) scattering pattern is zero.
With increasing p, the probability to detect a specific scattering pattern increases. We15
define the detection threshold pthr as,
0.5 = B(0,pthr,N) (6a)
= (1−pthr)N (6b)
where the number of scattering patterns under investigation is N = fc · tav, with fc the
image rate of the camera and tav the averaging time of the data. Equation (6a) defines20
pthr such that it is equiprobable to detect no specific (e.g. ice) pattern and to detect
specific patterns. For a typical mixed phase cloud data set fc = f
max
c = 30Hz holds and
tav ∈ [1s,600s]. Under these conditions Eq. (6b) can be written as pthr ≈ 0.023s/tav.
Figure 7 illustrates the effect of sub sampling on the ice detection threshold of the in-
struments. With an increase in averaging time, statistics of the measurement improves25
and the ice detection threshold decreases. This finding can be generalized from ice
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In this work, we present measurements which were obtained from three different cloud
types at three distinct locations. These are: artificial clouds generated in a cloud cham-
ber facility at the Karlsruhe Institute of Technology (KIT), Germany, natural orographi-
cally induced clouds which were probed at the mountain top research station Jungfrau-5
joch, Switzerland, and natural arctic MPCs over the Beaufort sea, NWT, Canada, sam-
pled from on board an aircraft.
2.5.1 The AIDA cloud chamber of KIT
The Aerosol Interaction and Dynamics in the Atmosphere (AIDA) cloud chamber of KIT
is a 84 m3 stainless steel vessel and can be operated in the temperature range from10
−90 to 60 ◦C for atmospherically relevant humidity, trace gas, and aerosol conditions.
Clouds are generated in the chamber by controlled expansion cooling experiments of
the chamber gas at near constant wall temperatures. Further details of the chamber
operation and instrumentation can be found in: Möhler et al. (2005); Wagner et al.
(2011); Schnaiter et al. (2012); Skrotzki et al. (2013). In this work, data from the follow-15
ing instruments mounted at the AIDA are used:
– Thermocouples type k for measuring the gas and wall temperature.
– A Baratron® (MKS, Germany) pressure sensor.
– A tunable diode laser (TDL) setup which measures the water vapor partial pres-
sure.20
– A dew point hygrometer (Dew point mirror 373, MBW, Switzerland) with a heated
inlet that determines the total (evaporated cloud particle and gas phase) water
concentration.
– An optical particle counter (type WELAS2000, Palas, Germany) with a detection
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particles at 90◦ relative to the forward direction. The analysis of the WELAS results
involves an optical size threshold to distinguish between droplets and ice.
– The scattering and depolarization instrument (SIMONE) which records light scat-
tered by an ensemble of cloud particles inside the AIDA chamber (Schnaiter et al.,
2012; Järvinen et al., 2014). The forward scattered light is detected at an angle of5
2◦ and the backward scattered light at 178◦. The backward scattered light is split
into its vertically and horizontally polarized components to determine the depolar-
ization ratio of the initially linearly polarized light.
In this work we present data obtained during the Rough ICE (RICE 03) campaign
which took place in December 2014. The SID-3 and PPD-2K were mounted in custom10
made housings directly underneath the AIDA chamber. Each housing is equipped with
a dedicated inlet that protrudes into the chamber volume for cloud particle sampling.
The housings are connected to a flow control system that maintains constant mass
flows through the instruments.
2.5.2 High altitude research station Jungfraujoch15
The high altitude research station Jungfraujoch is situated at 3568 m a.s.l. on a moun-
tain col in the Bernese alps, Switzerland. The station is frequently in clouds with an
annual mean cloud frequency of 37 % (Baltensperger et al., 1998). During winter time
ambient temperatures at the station can drop to −30 ◦C and thus the station is well
suited for MPC sampling. The measurements presented here were obtained in Febru-20
ary 2013 as part of the cloud and aerosol characterization experiment (CLACE 2013)
which was a joint campaign of ten international institutes (Kupiszewski et al., 2014;
Worringen et al., 2015; Schmidt et al., 2015). The SID-3 was mounted on a 2.3 m high
platform which aligned itself to the wind direction. Furthermore the SID-3 was equipped
with an aspiration unit in order to maintain a constant particle flow through the instru-25
ment. In addition, but not further elaborated here, we performed measurements with
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in Kupiszewski et al. (2014). Meteorological parameters like wind speed, wind direc-
tion, ambient temperature, and relative humidity measurements at the Jungfraujoch
site were measured by MeteoSwiss as part of the Global Atmosphere Watch monitor-
ing program (Spiegel et al., 2012; Hammer et al., 2014).
2.5.3 Arctic mixed phase clouds over the Beaufort Sea5
In April and May Arctic MPCs frequently develop over the Beaufort Sea and can per-
sist for up to several days (Intrieri et al., 2002; Shupe et al., 2006; Mioche et al., 2015).
In this article, we present measurements obtained during the VERtical Distribution of
Ice in Arctic Clouds (VERDI) campaign which was a joint campaign of seven German
research institutions and took place in April and May 2012 (Klingebiel et al., 2015).10
Measurements were carried out on board the Polar-5 research aircraft north of the
Mackenzie River delta over the Beaufort Sea (around 70 ◦N) north of Inuvik, NWT,
Canada. During VERDI the SID-3 was mounted underneath the wing of the Polar-5
which is a Basler BT-67 operated by the Alfred Wegener Institut (AWI), Bremerhaven,
Germany. The Polar-5 has a low mean cruising speed of 60ms−1 which enables for15
a relatively high spatial resolution of the SID-3 measurements in comparison with mea-
surements from other aircraft platforms.
3 Results
3.1 AIDA cloud chamber measurements
The first experiment to be presented here is expansion run 27 conducted during the20
RICE 03 campaign at the AIDA cloud chamber. During this experiment a liquid dom-
inated cloud was transformed via a mixed phase state into a pure ice cloud through
homogeneous freezing. These measurements illustrate the instrument’s response to
a liquid, mixed phase and ice cloud. Figures 8 and 9 show the course of the experi-
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run, a mixture of sulfuric acid and Argentinian soil dust (ASD) aerosol was added to
the chamber with an initial total number concentration of 100 cm−3. The sulfuric acid
to soil dust number ratio was about 50 : 1 at the start of the expansion run. The pan-
els a and b of Fig. 8 display the thermodynamic state of the AIDA chamber. For nega-
tive time values the chamber is at near ice saturated conditions with a relative humidity5
with respect to ice of 90 % and a gas temperature of 243 K. The start of the expan-
sion experiment (t = 0 s) is defined by the opening of a valve between the vessel and
a pump which initiates a quasi-adiabatic expansion in the chamber. As the pressure
and the gas temperature decrease, the relative humidity increases during the expan-
sion cooling. When the relative humidity with respect to liquid water exceeded 100 %10
(at t ≈ 215s), the aerosol particles were activated to form cloud droplets. The differ-
ence between the MBWice and TDLice values shown in Fig. 8b is caused by condensed
water on hydrometeors and thus indicates the presence of cloud particles. The pres-
ence of cloud droplets with Dp < 15µm is also indicated by the SID-3 measurements
displayed in panels c, d and e of Fig. 8. The cloud droplet mode is most pronounced at15
t ≈ 300s and visible by yellowish colors for the smallest Dp values in panel c, blueish
colors in panel d and the peak of the droplet number concentration in panel e. The
small number of ice particles detected in the early stages of the droplet formation must
have been heterogeneously nucleated on the ASD either via condensation or immer-
sion freezing. The expansion was continued until the gas temperature approached the20
onset temperature for homogeneous freezing of water droplets at around 237 K. At this
point of the experiment a rapid and complete glaciation of the droplet cloud took place.
The process of homogeneous ice formation in the AIDA cloud chamber is described
in Benz et al. (2005). The onset of homogeneous ice nucleation is clearly detected by
the SID-3 around 310 s as the ice number concentration increases in Fig. 8e. The ho-25
mogeneous freezing can also be seen by the changing color in the smallest size bins
in panel d. After about 410 s the SID-3 detected only ice particles, meaning that there
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A different graphical representation of the same experiment is shown in Fig. 9.
Panel b shows SIMONE and panels c to e show PPD-2K instead of the SID-3 mea-
surements. The increase in the forward scattering intensity measured by SIMONE
(panel b) indicates the presence of cloud particles in the chamber. This increase cor-
relates well with the increase in number concentration as observed by the PPD-2K,5
shown in panel e. In addition, a depolarization ratio is deduced from the SIMONE mea-
surements. The depolarization ratio is determined for multiple particles simultaneously
present in the sensitive volume, and depends on the phase of these particles. At the
beginning of the experiment the depolarization ratio is around zero which is typical for
mainly liquid clouds. At 310 s the depolarization ratio starts to increase indicating the10
onset of homogeneous freezing, also detected by the PPD-2K and the SID-3. During
the MPC phase the depolarization ratio increases as the glaciation advances. The con-
stant depolarization ratio of 0.3, reached after about 410 s, is in accordance to a full
glaciation of the cloud. In summary, the results from the SIMONE measurement are in
good agreement with the PPD-2K and the SID-3 observations.15
To test our liquid-ice discrimination method Fig. 10 displays the vaz values as a func-
tion of Dp for all scattering patterns recorded during RICE 03 expansion run 27 by the
SID-3 (left panel) and PPD-2K (right panel). As mentioned above, Dp is the optical par-
ticle diameter equivalent to a liquid sphere and is deduced from the trigger intensity. In
this plot a clear separation between the droplet and ice clusters is obvious. The scat-20
tering patterns between the clusters are manually crosschecked as noted in Sect. 2.3
but for this experiment an automated discrimination with v thraz is applicable.
The glaciation of the droplet cloud observed by the SID-3, PPD-2K and the SIMONE
instrument was also detected by the WELAS optical particle counter that is installed
permanently at the AIDA chamber. Figure 11 displays a comparison of the number25
concentrations deduced from the WELAS instrument, the SID-3 and the PPD-2K. The
relatively high size detection threshold of the PPD-2K (approx. Dp > 7µm) leads to rel-
atively low ice particle number concentrations. This is due to the calculation of the ice
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concentration. The detected total number concentration is decreased by the size de-
tection threshold especially for ice particles as they scatter less light in near forward
direction compared to droplets (McFarlane and Marchand, 2008). Neglecting the rela-
tively low level of the PPD-2K values the curves of the number concentrations from the
WELAS, SID-3 and PPD-2K agree well.5
After the discussion of a liquid-glaciated transition experiment, which included a rel-
atively short MPC period, we present another experiment, namely expansion run 46
of the RICE 03 campaign, depicted in Fig. 12. The subject of this experiment is a sta-
ble MPC at relatively high gas temperatures (253 K at t = 0s). Prior to the expansion
run Argentinian soil dust (ASD) aerosol, with a number concentration of 20 cm−3, was10
present in the AIDA chamber. This cloud represents one of our best attempts to mimic
natural MPCs in the AIDA chamber. In panel b of Fig. 12 the depolarization ratio mea-
sured by the SIMONE instrument during the course of the experiment is shown. The de-
polarization ratio increases at the beginning of the experiment as the glaciation starts,
but reaches quickly a constant value of 0.1. The low depolarization ratio is an indica-15
tion of a MPC, since higher depolarization values for an ensemble of ice particles with
sizes of 5 to 100 µm are expected. Furthermore, in contrary to experiment 27, the de-
polarization ratio remains constant throughout the expansion, indicating that the MPC
does not fully glaciate. The PPD-2K measurements show that droplets and ice parti-
cles coexisted for approximately 500 s and where in the same optical size range. In this20
case the PPD-2K data cannot simply be divided in ice and liquid by the introduction
of a size threshold. Instead image analysis is necessary. Because of the used aerosol
and the temperature range (243 to 253 K) expansion run 46 is comparable to natural
MPCs. This experiment also illustrates the nucleation of ice particles at temperatures
of 253 K. Unfortunately there is no SID-3 data available for this experiment.25
In conclusion this AIDA cloud chamber experiment demonstrates that the presented
technique enables the discrimination between liquid water droplets and cloud ice par-
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3.2 Measurements during CLACE 2013
The measurements presented in Fig. 13 were obtained on 24 February 2013. Panels a
and b show the wind direction, wind speed, ambient temperature, and relative humidity
recorded by Meteo Swiss at the Jungfraujoch station. The wind direction and relative
humidity measurements indicate that the site was permanently in clouds which ap-5
proached the station from the south. The wind speed had a maximum between 22:00
and 23:00 UTC and the temperature was constantly decreasing. Panels c, d and e show
the SID-3 measurements and suggest that times of high total particle number concen-
trations (yellowish in panel c) are dominated by liquid droplets (blueish in panel d),
while times of low total particle number concentrations (blueish in panel c) are domi-10
nated by ice particles (yellowish in panel d). Furthermore, one can deduce a temporal
alternation between dense liquid and less dense glaciated cloud pockets.
A very interesting feature of these measurements is that the calculated small
(Dp < 20µm) ice particle number concentration correlates strongly with the wind speed
whereas the calculated droplet number concentration does not (Figs. 13a and e and15
14a and b). We propose two hypotheses for the correlation of wind speed and small
ice particle number concentration.
The first hypothesis is linked to the fact that the wind direction at Jungfraujoch has
a vertical component. If one thinks of the evolution history of the sampled cloud parcel,
one notes that the higher the wind speed at the measurement site, the faster the cooling20
of the air parcel has happened (Hammer et al., 2014). A higher cooling rate leads to
a higher ice production rate (Vali and Snider, 2015). The SID-3 probes the smallest ice
particles which we expect to be freshly nucleated, thus the number concentration of
small ice particles should be a measure for the ice nucleation rate. We expect small
freshly nucleated ice particles to have irregular shapes.25
The second hypothesis is that higher wind speeds could lead to more riming of cloud
ice particles as well as more wind blown particles lofted from the ground. The argument
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blown particles under cloud free conditions. However when the station is in cloud, there
can be a rapid rime build-up on all cloud exposed surfaces of the station. During this
build-up process wind might easily transport small ice particles from these surfaces
to our instrument. We expect rime break up particles to have columnar or plate like
shapes.5
Figure 14c and d display the result of a correlation analysis of small irregular and
pristine ice particle number concentrations and the wind speed. Hereby pristine ice
particles are columns as well as plates. Both number concentrations of specific small
ice particles correlate with the wind speed. Thus neither of the above mentioned hy-
pothesis can be ruled out based on the shape argument and there might have been10
several processes at work during the observational period. Further investigations for
a wide range of wind speeds and with fast additional water vapor sensors are neces-
sary to identify the processes behind these correlations.
In the left panel of Fig. 15 the vaz values are plotted against the particle size. Unfortu-
nately, the clear separation seen in Fig. 10 is not reproduced in this plot. This is due to15
the presence of artifacts in the recorded droplet scattering patterns, as displayed in the
right panel of Fig. 15. The artifacts might occur if the imaged particle was at the edge
of the sensitive volume of the instrument or if two particles were involved in the image
generation. As mentioned above in Sect. 2.2.1 the probability of coincident sampling is
low, however artifacts can also be caused by a second particle being in the vicinity of20
the sensitive volume.
The scattering patterns of droplets with artifacts have relatively high vaz values. For
the presented data 133 284 droplet patterns and 6116 ice patterns were identified.
For v thraz = 1×10
−5, 2460 droplet patterns with variance values above the threshold
were manually reclassified. Thus the fraction of droplets with artifacts is rather low with25
1.8 %. However, as the ice fraction is 4.6 % the contribution of the erroneously classified
droplets by defining v thraz is significant (one third), especially for small ice particles. Un-
fortunately, the artifacts have a variable appearance which hinders an easy automated
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In summary, the investigated case study from Jungfraujoch demonstrates that the
SID-3 is capable of: discriminating liquid droplets and natural ice crystals in the same
optical size range and detecting alternating liquid and glaciated cloud pockets during
mountain top measurements which is in agreement to the findings of Choularton et al.
(2008).5
3.3 Measurements during VERDI
Figure 16 depicts the flight path of the Polar-5 on 29 April 2012. The red colored part
of the path depicts a straight flight leg over the Beaufort Sea during which the data dis-
played in Fig. 17 was obtained. During this period two vertical profiles through a typical
Arctic mixed phase stratus were performed. The data is averaged for 15 s in order to10
get both a reasonable temporal resolution and sufficient statistics. Panel a of Fig. 17
displays the altitude of the aircraft and the ambient temperature measured by the Rose-
mount probe. The panel b displays both the number concentration of all particles and of
the images recorded by the SID-3. The SID-3 measurements shown in panels b, c and
d form the basis for the following cloud phase characterization: the aircraft descended15
through a dense purely liquid cloud (period A) into a less dense mixed phase region
at the bottom of the cloud (period B). This was followed by an ascent through a dense
liquid dominated mixed phase region (period C). The particle number size distribution,
which is based on the trigger signal and displayed in panel c indicates that the mean
droplet diameter decreases from the top to the bottom of the cloud. At the bottom or20
lowermost parts of the cloud no clear droplet mode is noticeable.
In order to investigate the issue of sub sampling, mentioned in Sect. 2.4, under real
measurement conditions, the data from VERDI flight 7 is further analyzed in Fig. 18.
Panel a displays the ice number concentration already shown in Fig. 17. For the results
displayed in panel b and c of Fig. 18, it is assumed that the calculated mean ice con-25
centration of period B is also present in periods A and C. Panel b displays the values
of the Binomial probability distribution to detect no ice image, B(x = 0,p,N), with an
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n̄ice, period B is the calculated mean ice concentration during period B and n(t) is the
measured total number concentration per time step. The high probability to see no ice
image during periods A and C is in agreement with the observation and it is not pos-
sible to state whether the constant ice concentration of period B was indeed present
during periods A and C on the basis of an averaging time tav = 15s.5
In Fig. 18c the data was averaged over the whole period A, lasting 550 s
and period C, lasting 660 s. Thus, the assumed ice fraction is calculated as p =
n̄ice, period B/n̄Period A/C where n̄Period A/C is the mean total number concentration for the
entire periods A and C, respectively. For period A, the probability distribution shows
a maximum of four ice patterns which is in contrast to the observation of no ice pat-10
tern. Thus one can conclude that the constant ice concentration of period B was not
present during period A. For period C, however, the observation of four ice patterns is
in rather good agreement with the displayed probability distribution for period C and its
maximum at five ice patterns. This suggests the conclusion that an ice number con-
centration comparable to that found during period B was also present during period15
C.
This example illustrates that sub sampling hinders statistically relevant statements
for tav = 15s (panel b of Fig. 18). For tav ≈ 500s one can draw statistically relevant
conclusions, however on a spatial resolution of approximately 30 km. Such a resolution
represents a limitation to resolve the spatial structure of MPCs with the SID-3. The criti-20
cal variable in this context is the velocity at which the cloud passes the sampling volume
of the instrument which was given by the true airspeed of the aircraft of approximately
60 ms−1 during VERDI.
4 Conclusions
In this work we presented a technique to analyze SID-3 and PPD-2K in situ measure-25
ments of MPCs. A crucial step for MPC analysis is to distinguish between patterns that
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determine their size by fitting a Mie solution to the measured patterns. By doing so, the
instruments are self calibrated with respect to particle size. From patterns correspond-
ing to ice particles, the shape and roughness are deduced.
Within the analysis of AIDA laboratory measurements we demonstrated that the ap-
plication of a size threshold to the PPD-2K data is not sufficient to distinguish between5
frozen (ice) and liquid (droplets) hydrometeors in a size range of Dp ∈ [5µm,50µm].
Only by the analysis of high resolution scattering patterns a discrimination became
possible. The deduced ice particle number concentrations of the SID-3 and PPD-2K
compare well with those measured by the WELAS instrument permanently operated
at the AIDA chamber. Furthermore, the cloud phase characterization of the SID-3 and10
PPD-2K on the one hand and of the SIMONE instrument on the other hand agree well.
Subsequently, we presented data obtained with the SID-3 by sampling natural MPCs.
For a case study from the Jungfraujoch, the automated discrimination between ice
and droplets needed a manual crosscheck due to artifacts in the scattering patterns.
The results of this case study show an alternation in cloud characteristics from dense15
liquid to less dense glaciated, which is in agreement with earlier findings. Regarding
the shape of the small ice particles they might originate from different ice formation
processes (e.g. the two suggested mechanisms), taking place simultaneously.
The second case of natural clouds under investigation in this work are SID-3 mea-
surements from the VERDI campaign performed in the Canadian Arctic. The analysis20
focused on the detection limit of the probe with regard to ice particles. The detection
limit is reached in a situation of a high cloud particle sampling rate, due to the aircraft
velocity and the total number concentration, and a low ice number concentration in the
cloud. In order to draw statistically relevant conclusions the data needs to be spatially
averaged in the range of kilometers.25
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Figure 1. PPD-2K high resolution scattering patterns of a droplet (a), an irregular ice particle
(b), a columnar ice particle (c), and a plate like ice particle (d). A gamma correction is applied
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Figure 3. Azimuthal integrated polar intensity of the cloud droplet displayed in Fig. 1a. The two
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Figure 4. Size calibration of the SID-3 trigger detector. Left panel: scattered irradiances for
a circular aperture with a half angle of 9.25 at 50◦ relative to the forward direction calculated by
Lorenz Mie theory for water droplets. Right panel: analysis result obtained from the measure-
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Figure 5. Size calibration of the PPD-2K trigger detector. Left panel: scattered irradiances in
7.4 to 25.6◦ forward direction calculated by Lorenz Mie theory for water droplets. Right panel:
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Figure 6. Size calibration of the SID-3 mean image intensity. Left panel: scattered irradiances
in 7.0 to 23.5◦ forward direction calculated by Lorenz Mie theory for water droplets. Right panel:







MPCs using the SID-3
and the PPD-2K































Total particle number concentration [cm-3]






























 = 1 s
t
av
 = 15 s
t
av
 = 60 s
t
av
 = 600 s
f
c
 = 30 Hz
Figure 7. The SID-3 and PPD-2K ice detection threshold as a function of the total particle
number concentration. The concept of the detection threshold can be generalized from ice
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Figure 8. SID-3 measurement, with tav = 10s, at the AIDA cloud chamber during the RICE 03
campaign expansion run 27. In panel (a) the pressure and temperature in the AIDA vessel dur-
ing the course of the experiment are displayed. At t = 0s, the experiment is started by lowering
the pressure which initiates a quasi-adiabatic expansion of the air in the chamber. Panel (b)
displays the relative humidity in the chamber where the difference between the MBWice and
TDLice values indicates the presence of cloud particles. Panel (c) shows the particle number
size distribution measured by the SID-3. Panel (d) displays the size resolved ice fraction over
the course of the experiment. The ice fraction is calculated from the numbers of observed ice
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Figure 9. PPD-2K measurement, with tav = 10s, at the AIDA cloud chamber during RICE 03
campaign expansion run 27. In panel (a), the relative humidity measurements from Fig. 8b are
displayed. Panel (b) shows a plot of the SIMONE measurements during this expansion run.
The forward scattered intensity indicates the presence of cloud particles in the chamber. The
depolarization ratio depends on the phase of the particles. Panel (c) displays the number size
distribution of cloud particles measured by the PPD-2K. Panel (d) shows the size resolved ice
fraction over the course of the experiment. The ice fraction is calculated from the numbers of
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Patterns classified as droplets
Figure 10. The variance of the polar integrated azimuthal profile as a function of the optical
droplet equivalent diameter deduced from the trigger intensity for scattering patterns during
the AIDA MPC experiment RICE 03 expansion run 27. Patterns were recorded by the SID-3
(left panel) and by the PPD-2K (right panel). The experiment is displayed in Figs. 8 and 9. The
patterns with vaz > 2×10
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Figure 11. Comparison of number concentrations measured during AIDA RICE 03 expansion
run 27. Upper panel: total number concentrations of the WELAS, the SID-3 and the PPD-2K.
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Figure 12. PPD-2K measurement, with tav = 10s, at the AIDA cloud chamber during RICE 03
campaign expansion run 46. Panel (a) displays the pressure and the temperature in the AIDA
vessel during the experiment. Panel (b) is a plot of the relative humidity in the chamber as well
as the depolarization ratio measured by the SIMONE instrument. Panel (c) shows the number
size distribution as measured by the PPD-2K. Panel (d) displays a size resolved ice fraction
over the course of the experiment. The ice fraction is calculated from the numbers of observed
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Figure 13. SID-3 measurements, with tav = 60s, taken during CLACE 2013 on the Jungfrau-
joch. Panels (a, b): wind direction, wind speed, temperature, and relative humidity recorded
by MeteoSwiss on the Jungfraujoch. Panel (c) shows the number size distribution of cloud
particles measured by the SID-3. Panel (d) displays the size resolved ice fraction over the mea-
surement period. The ice fraction is calculated from the numbers of observed ice and droplet
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Linear r = 0.229
b)
Linear r = 0.769
c)
Linear r = 0.723
d)
Linear r = 0.721
Figure 14. Correlation analysis of droplets as well as small ice particles (Dp < 20µm) and the
wind speed for the period displayed in Fig. 13. The figure shows as a function of the wind speed:
the calculated droplet number concentration (a), the calculated small ice number concentration
(b), the calculated small irregular ice number concentration (c) and the calculated small pristine
ice (columns and plates) number concentration (d). In each plot the correlation coefficient, r ,
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Figure 15. Image analysis for the period displayed in Fig. 13. Left panel: the variance of the po-
lar integrated azimuthal profile as a function of the optical sphere equivalent diameter deduced
from the trigger intensity for scattering patterns. For the automated classification a variance
threshold was applied. Subsequently, patterns with vaz > 2×10
−6 were manually crosschecked.
Right panel: a selection of manually reclassified droplet patterns with artifacts. The vaz values
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Figure 16. Track of VERDI Flight 7 from 29 April 2012. The red square marks the Mike Zubko
Airport of Inuvik, NWT, Canada. The red colored line marks the flight track of the cloud profiling
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Figure 17. SID-3 measurements, with tav = 15s, from VERDI flight 7. In panel (a) the ambi-
ent temperature and altitude of the aircraft are displayed. Period A and C mark a step-wise
descent and ascent of the aircraft. During period B the altitude was relatively constant. Panel
(b) displays the particle and pattern number concentrations recorded by the SID-3. Panel (c)
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Figure 18. Panel (a): deduced ice number concentrations during VERDI flight 7 already shown
in Fig. 17d. Panel (b): assuming the mean ice concentration of period B to be present in pe-
riods A and C. The probability to find no ice B(x = 0,p,N) with tav = 15s for the course of the
measurement. Panel (c): assuming the mean ice concentration of period B to be present in pe-
riods A and C. Binomial probability distributions for the occurrence of ice patterns for the entire
periods A and C, respectively.
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